Rotavirus NSP4 is a viral enterotoxin capable of causing diarrhea in neonatal mice. This process is initiated by the binding of extracellular NSP4 to target molecule(s) on the cell surface that triggers a signaling cascade leading to diarrhea. We now report that the integrins ␣1␤1 and ␣2␤1 are receptors for NSP4. NSP4 specifically binds to the ␣1 and ␣2 I domains with apparent Kd ‫؍‬ 1-2.7 M. Binding is mediated by the I domain metal ion-dependent adhesion site motif, requires Mg 2؉ or Mn 2؉ , is abolished with EDTA, and an NSP4 point mutant, E120A, fails to bind ␣2 integrin I domain. NSP4 has two distinct integrin interaction domains. I domain ͉ diarrhea ͉ signaling ͉ NSP4 R otaviruses (RVs) are nonenveloped, triple-layered icosahedral viruses containing a genome of 11 segments of dsRNA that code for six structural (VP1, VP2, VP3, VP4, VP6, and VP7) and six nonstructural (NSP1-NSP6) proteins (1). RV is the leading etiologic agent of severe gastroenteritis in infants, young children, and animals worldwide. There is no known treatment to prevent RV transmission. Although new vaccines have recently shown promising results in clinical trials and are now licensed (2), vaccine efficacy in developing countries where disease prevention is needed most remains unknown. The recent recognition that RV causes extraintestinal infection in animals and children (3-6) highlights a continuing need to better understand the mechanisms of RV replication and pathogenesis. Increasing knowledge of the structure of RVs and protein function has supported new ideas about virus pathogenesis, virus assembly, and virus-host interactions (1, 7, 8) . However, the molecular details of RV effects on intestinal epithelial cells or extraintestinal cells remain incompletely understood. NSP4 is the first described viral enterotoxin (9-11). The i.p. delivery of purified recombinant NSP4 or synthetic NSP4 peptides from mammalian and avian RVs that lack sequence similarity causes age-dependent diarrhea in young mice (9, (12) (13) (14) (15) (16) . The cytoplasmic toxic domain of NSP4 (aa 112-175) is released from infected cells and hypothesized to interact with receptors on neighboring cells (9, 10, 17), mobilizing Ca 2ϩ by stimulating phospholipase C-mediated inositol 1,4,5-trisphosphate production (17), and eliciting age-dependent diarrhea in neonatal mice (9, 18) .
Rotavirus NSP4 is a viral enterotoxin capable of causing diarrhea in neonatal mice. This process is initiated by the binding of extracellular NSP4 to target molecule(s) on the cell surface that triggers a signaling cascade leading to diarrhea. We now report that the integrins ␣1␤1 and ␣2␤1 are receptors for NSP4. NSP4 specifically binds to the ␣1 and ␣2 I domains with apparent Kd ‫؍‬ 1-2.7 M. Binding is mediated by the I domain metal ion-dependent adhesion site motif, requires Mg 2؉ or Mn 2؉ , is abolished with EDTA, and an NSP4 point mutant, E120A, fails to bind ␣2 integrin I domain. NSP4 has two distinct integrin interaction domains. I domain ͉ diarrhea ͉ signaling ͉ NSP4 R otaviruses (RVs) are nonenveloped, triple-layered icosahedral viruses containing a genome of 11 segments of dsRNA that code for six structural (VP1, VP2, VP3, VP4, VP6, and VP7) and six nonstructural (NSP1-NSP6) proteins (1) . RV is the leading etiologic agent of severe gastroenteritis in infants, young children, and animals worldwide. There is no known treatment to prevent RV transmission. Although new vaccines have recently shown promising results in clinical trials and are now licensed (2) , vaccine efficacy in developing countries where disease prevention is needed most remains unknown. The recent recognition that RV causes extraintestinal infection in animals and children (3) (4) (5) (6) highlights a continuing need to better understand the mechanisms of RV replication and pathogenesis. Increasing knowledge of the structure of RVs and protein function has supported new ideas about virus pathogenesis, virus assembly, and virus-host interactions (1, 7, 8) . However, the molecular details of RV effects on intestinal epithelial cells or extraintestinal cells remain incompletely understood. NSP4 is the first described viral enterotoxin (9-11). The i.p. delivery of purified recombinant NSP4 or synthetic NSP4 peptides from mammalian and avian RVs that lack sequence similarity causes age-dependent diarrhea in young mice (9, (12) (13) (14) (15) (16) . The cytoplasmic toxic domain of NSP4 (aa 112-175) is released from infected cells and hypothesized to interact with receptors on neighboring cells (9, 10, 17) , mobilizing Ca 2ϩ by stimulating phospholipase C-mediated inositol 1,4,5-trisphosphate production (17) , and eliciting age-dependent diarrhea in neonatal mice (9, 18) .
Integrins are a family of heterodimeric cell surface receptors composed of ␣ and ␤ subunits involved in cell-cell, cellextracellular matrix, and cell-pathogen interactions (19) (20) (21) (22) (23) (24) (25) . Vertebrates have nine ␣ subunits that contain a so-called I or A domain, in which a set of ␣ subunits (␣1, ␣2, ␣10, and ␣11) act as collagen receptors (21) . The I domain forms a subset of the larger group of von Willebrand factor A (VWA) domains found in a wide range of proteins (26) , and many appear to be involved in protein-protein interactions. The x-ray structures of recombinant ␣1, ␣2, ␣M, and ␣L I domains have defined a divalent cation-binding motif [metal ion-dependent adhesion site (MIDAS)] that appears to mediate the divalent cation binding of the I domains and the I domain-containing integrins to their ligands (27) (28) (29) (30) .
The discovery that NSP4 functions as an enterotoxin and triggers epithelial cell responses stimulated a search for target molecule(s) that bind extracellular NSP4. Surface plasmon resonance (SPR) analysis isolated soluble HT29 surface components that bound to (His) 6 -NSP4 FL immobilized onto a Ni 2ϩ -nitrilotriacetic acid (Ni 2ϩ -NTA)-coated sensor chip. Bound proteins were identified by mass spectrometry. Further biochemical, mutagenesis, and functional analyses identified two distinct functional domains on NSP4 (lacking known integrin-binding motifs) as being responsible for the binding to the MIDAS motif on ␣1 and ␣2 I and for eliciting C2C12-␣2 spreading, respectively, and correlated with inducing diarrhea.
Results

RV NSP4
Binds to Integrin ␣1 and ␣2 I Domains. To identify cell surface receptors for NSP4, soluble cell surface components from human intestinal epithelial HT29 cells able to bind (His) 6 -NSP4 immobilized on a Ni 2ϩ -NTA sensor chip were isolated and characterized. Mass spectrometry identified an I domaincontaining protein as one potential binding protein (data not shown). To confirm the interaction between NSP4 and the I/A domain, ELISA solid phase-binding assays and SPR were performed in the presence of 1 mM MgCl 2 or 1 mM EDTA. By ELISA, recombinant RV SA11 full-length NSP4 (NSP4 FL ) bound to ␣2 I in a dose-dependent and saturable manner in the presence of 1 mM MgCl 2 (Fig. 1A, filled circles) , but not to BSA under the same conditions ( Fig. 1 A, filled triangles) . The binding of NSP4 FL to ␣2 I was abolished in the presence of 1 mM EDTA ( Fig. 1 A, open circles) . NSP4 FL also bound to ␣1 I in the presence of 1 mM MgCl 2 [supporting information (SI) Fig. S1 A] .
Interactions also were analyzed by SPR using a Biacore 3000 and flow cells of a Ni 2ϩ -NTA sensor chip immobilized with ␣2 I. NSP4 FL bound to ␣2 I in the presence of MgCl 2 (Fig. 1B) or MnCl 2 (data not shown), and the binding was abolished in the presence of CaCl 2 or EDTA (data not shown). The apparent dissociation constant (K d ) of NSP4 FL for ␣2 I was 2.7 Ϯ 1.9 M. NSP4 FL also bound to ␣1 I in the presence of MgCl 2 with an apparent K d of 1.1 Ϯ 0.5 M (Fig. S1B) .
Pull-down assays were used to determine the physical interaction between NSP4 FL and ␣2 I. NSP4 FL showed a direct interaction specific to ␣2 I in vitro, and NSP4 FL exhibited a dose-dependent coprecipitation of (His) 6 -␣2 I (Fig. S2 , lanes [5] [6] [7] [8] in the presence of MgCl 2 , but not with Ni 2ϩ -NTA agarose alone (Fig. S2, lanes d and 4) .
To determine the specificity of NSP4 binding to the integrin I domain, binding of NSP4 to A domains of VWA, which do not contain a MIDAS motif, and to ␣5␤1, ␣v␤3, and ␣IIb␤3 integrins that do not contain an I domain, were tested by both ELISA and SPR analysis. NSP4 did not bind to the VWA or to the ␣5␤1, ␣v␤3, and ␣IIb␤3 (data not shown). These data and the requirement for Mg 2ϩ or Mn 2ϩ indicate that NSP4 binding to the integrin I domain is specific and mediated by the MIDAS motif. To determine the domain of NSP4 that binds to the integrin I domain, various purified recombinant NSP4 proteins and synthetic NSP4 peptides were analyzed by SPR for their binding to immobilized ␣2 I in the presence of MgCl 2 . Initially, we examined the binding capacity of a recombinant form of the Cterminal domain of SA11 NSP4 (NSP4 112-175 ). NSP4 bound to the ␣2 I in a dose-dependent manner in the presence of Mg 2ϩ ( Fig. 2A) , indicating that the binding activity is located within amino acids 112-175. The apparent K d of NSP4 112-175 for the ␣2 I was 1.6 Ϯ 0.7 M.
We next determined whether NSP4s from a pair of porcine RV virulent (OSU-v) and attenuated (OSU-a) viruses and a deletion construct, OSU-v NSP4 ⌬131-140 , were able to bind the ␣2 I by SPR. OSU-v NSP4 induces diarrhea in neonatal mice and mobilizes intracellular Ca 2ϩ when added exogenously to cultured cells (31) . OSU-a NSP4 contains amino acid changes at amino acids 136 and 138 in the enterotoxin domain that attenuate diarrhea induction and intracellular Ca 2ϩ mobilization (31) . These amino acids are deleted in the OSU-v NSP4 ⌬131-140 construct. OSU-v NSP4 FL , OSU-a NSP4 FL , and OSU-v NSP4 ⌬131-140 each bound to the ␣2 I ( Fig. 2B ) with an apparent K d of 1.4 Ϯ 0.4 M, 1.6 Ϯ 0.6 M, and 2.3 Ϯ 0.8 M, respectively. NSP4 from a human RV strain (G1P8) also bound the ␣2 I with a similar affinity (data not shown). These results indicated that NSP4 from several RV strains are able to bind the ␣2 I domain.
The domain on NSP4 responsible for ␣2 I binding was further mapped by testing synthetic peptides. SA11 NSP4 pep114 -135 , but not amino acids 150-175 (data not shown), bound to ␣2 I in a dose-dependent manner in the presence of Mg 2ϩ (Fig. 2C) . A point mutant, SA11 NSP4 E 120 A, did not bind to ␣2 I (Fig. 2B ), indicating that E120 plays a key role in this interaction. The far UV CD spectra of NSP4 FL and NSP4 E 120 A were compared to rule out the possibility that the lack of binding of NSP4 E 120 A to the I domain was due to a change in protein structure. The CD spectrum of NSP4 E 120 A showed a maximum at 195 nm and a double minimum at 208 nm and 222 nm (data not shown), consistent with the ␣-helical content previously reported (32, 33) . Thus, the point mutation of E 120 A did not affect its secondary structure.
C2C12-␣2 Cells Attach and Spread on NSP4-Coated Substrates.
The biological significance of the NSP4-␣2 I interaction was examined by using mouse myoblast C2C12 and C2C12-␣2 cells. These cells are a model for collagen-integrin I domain binding and signaling (34) and were used to investigate cell attachment and signaling on plates coated with NSP4, the known adhesive extracellular matrix protein collagen (positive control), or BSA (negative control). The C2C12-␣2 (Fig. 3A) , but not the parental C2C12 (Fig. S3A ) cells, bound to NSP4 FL -or collagen-coated wells. C2C12-␣2 adhesion increased in a substrate dosedependent manner for both NSP4 FL (Fig. 3A , filled circles) and collagen (Fig. 3A, open circles) . NSP4 pep114 -135 , but not NSP4 pep150 -175 , inhibited C2C12-␣2 attachment to collagen, a natural ligand for integrin ␣2 (Fig. 3C) . Finally, C2C12-␣2 attachment to NSP4 was blocked by both purified ␣2 I (Fig. 3A , filled squares) and anti-␣2 I specific antibody (data not shown), confirming specificity of the interaction. Compared with preimmune IgG, anti-␣2 I IgG inhibited attachment of C2C12-␣2 cells to NSP4 up to 80% in a dose-dependent manner.
Attachment of ligands to integrins can lead to signaling. C2C12-␣2 express a functional ␣2␤1 integrin, and ligandinduced signaling is manifested by cell spreading (35) . We determined whether attachment of C2C12-␣2 to NSP4-coated wells induced cell spreading. C2C12 and C2C12-␣2 were allowed to attach onto microtiter wells coated with collagen, NSP4 FL , NSP4 112-175 , and BSA. NSP4 FL and NSP4 112-175 induced C2C12-␣2 spreading, as did the positive control collagen (Fig.  3B) . However, the C2C12-␣2 on BSA or parental C2C12 on any substrate-coated well did not spread. These results indicate that NSP4 interacts with ␣2 I domain to induce cell attachment and promote cell spreading.
Two Distinct Functional Domains on NSP4 Are Responsible for the
Integrin Binding and Signaling. To understand the relationship between cell adhesion and signaling after C2C12-␣2 interaction with NSP4, wild-type and NSP4 mutants were tested for the ability to induce C2C12-␣2 spreading (Fig. 4) . Specificity of the requirement for the ␣2 I was shown by the selective attachment and spreading of C2C12-␣2 (Fig. 4) , but not parental C2C12 cells ( Fig. S3 B and C) on collagen-, NSP4 FL -, or (His) 6 -NSP4 FLcoated wells (bars 1, 3, and 4). C2C12-␣2 did not attach on the negative control BSA-coated wells (Fig. 4, bar 2) , and, as shown previously, C2C12-␣2 cells did not attach and spread on the (His) 6 -NSP4 E 120 A (Fig. 4, bar 5 ). C2C12-␣2 attached and spread on OSU-v NSP4 FL -coated wells (Fig. 4, bar 6 ). Surprisingly, C2C12-␣2 cells attached but did not spread on OSU-a NSP4 FL -or OSU-v NSP4 ⌬131-140 -coated wells (Fig. 4, bars 7 and  8 ). These results suggested that two different domains in NSP4 elicit binding and signaling with the ␣2 I domain.
To further characterize whether two different functional domains in NSP4 elicit C2C12-␣2 cell binding and spreading, cell inhibition assays were performed by using rabbit anti-NSP4 peptide-specific antibodies. The epitope for anti-NSP4 pep114 -135 antibody maps to amino acid 114-125, whereas the epitope for anti-NSP4 pep120 -147 antibody maps to amino acids 130-140 (36) . Purified rabbit anti-NSP4 pep114 -135 and anti-NSP4 pep120 -147 antibodies were tested for the ability to inhibit C2C12-␣2 cell attachment and spreading on SA11 NSP4 FL -coated wells. The numbers of attached and spreading cells were counted separately. Anti-NSP4 pep114 -135 antibody showed a dose-dependent inhibition of C2C12-␣2 attachment on NSP4 FL -coated wells (Fig.  5A, bars 4 and 5) . NSP4 pep120 -147 antibody had no effect on cell attachment (Fig. 5A, bars 6 and 7 ), but exhibited a dosedependent inhibition of C2C12-␣2 spreading (Fig. 5B, filled  circles) . These results confirm that two separate domains within NSP4 are responsible for cell adhesion and eliciting cell spreading.
NSP4 Colocalizes with Integrin ␣2 on the Surface of RV-Infected Caco-2
Cells. Integrins ␣1 and ␣2 are basolaterally expressed on differentiated intestinal epithelial cells (37) . In RV-infected neonatal mice, NSP4 is present at the basement membrane of both RV-infected and adjacent uninfected intestinal epithelial cells (38) , and a form of NSP4 with enterotoxin activity is secreted from RV-infected cells (10) . Localization of integrin ␣2 and NSP4 on RV-infected polarized, human intestinal Caco-2 cells was determined by confocal microscopy (Fig. 6) . RV-infected cells were identified by intracellular staining for NSP4 (Fig. 6E ) and another RV nonstructural protein, NSP5 (data not shown). Integrin ␣2 localized predominantly to the basolateral membrane of control (Fig. 6A) and RV-infected polarized cells (Fig.  6D) . Intracellular integrin ␣2 staining was increased in RVinfected cells (Fig. 6D) . NSP4, but not other RV proteins (VP6 or NSP5) (data not shown) colocalized with integrin ␣2 at the basolateral membranes of noninfected cells surrounding the RV-infected cells (Fig. 6F, yellow arrows in XY and Z sections) . NSP4 was not detected in noninfected cells distal to the RVinfected cells (Fig. 6F , white arrows in XY and Z sections). These data show that NSP4 released from RV-infected cells binds the integrin ␣2 on adjacent uninfected cells.
Integrin Binding and Signaling Correlates with Diarrhea Induction.
NSP4-induced diarrhea has been linked to a PLC-mediated increase in intracellular calcium concentration (17) . PLCdependent intracellular calcium mobilization is abolished by the aminosteroid U-73122, whereas the analog U-73343 has no inhibitory effect and is useful as a negative control. Neither compound negatively affected cell attachment regardless of the ligand used (Fig. 7A) . U-73122 inhibited C2C12-␣2 cell spreading induced by NSP4 and collagen by 85% and 30%, respectively, whereas the analog U-73343 did not affect cell spreading (Fig.  7B) . Integrin ␣2-dependent cell spreading and diarrhea induction by NSP4 both required PLC activation. Analysis of inhibitors of known integrin signaling pathways found that wortmannin, an inhibitor of PI3K signaling pathway, inhibited spreading induced by NSP4 by 80%, compared with analog U-73343 (Fig.  7C ), but did not inhibit C2C12-␣2 cell adhesion (data not shown).
A possible correlation between NSP4-stimulated C2C12-␣2 cell spreading and diarrhea induction was tested by examining the ability of NSP4 E 120 A to induce diarrhea in neonatal mice. (His) 6 -NSP4 FL and NSP4 FL induced diarrhea in neonatal mice, whereas OSU-a NSP4, the RV capsid glycoprotein VP7 and PBS (negative controls) did not, as reported previously (Table 1) (9, 31) . The NSP4 E 120 A point mutant did not interact with ␣2 I or bind to C2C12-␣2 cells and failed to induce diarrhea in neonatal mice. Thus, binding of NSP4 to the integrin I domain correlates with the ability of NSP4 to induce diarrhea in mice.
Discussion
Rotavirus NSP4 is the first described viral enterotoxin and is a multifunctional protein involved in viral morphogenesis and pathogenesis. The majority of known NSP4 functional domains are located within the cytoplasmic tail of this transmembrane glycoprotein. Studies to determine NSP4 cellular-binding partners have identified the extracellular matrix proteins laminin-␤3 and fibronectin (38) and the intracellular proteins calnexin (39), caveolin (40) (41) (42) , and tubulin (43) .
Other known enterotoxins initiate their effects by binding to a cellular receptor (44, 45) . Previous evidence supported the existence of a cellular receptor involved in NSP4-induced diarrhea induction and calcium mobilization. For example, the D-amino acid form of the enterotoxic NSP4 pep114 -135 does not induce diarrhea (9) , and removal of cell surface molecules with trypsin abrogates NSP4-induced calcium mobilization in HT29 cells (17) . In the present study, ␣1 I and ␣2 I were identified as cellular receptors for NSP4. These interactions, similar to collagen require the metal ion Mg 2ϩ or Mn 2ϩ , are mediated by the MIDAS motif on the I domain, and induce integrin signaling. However, unlike collagen, NSP4 lacks the typical ␣1 or ␣2 binding motifs of many known integrin ligands. NSP4 binding to the I domain was specific as demonstrated by a lack of binding to the A domains of VWA, which contains three I/A domains without a MIDAS motif (26, 46) and to integrins ␣5␤1, ␣v␤3, and ␣IIb␤3, which lack I domains (47), and NSP4 competed and inhibited C2C12-␣2 cell attachment onto collagen I.
Two distinct domains of NSP4 are responsible for integrin I domain binding and signaling. NSP4 amino acids 114-130 are important for binding to the MIDAS motif on the integrin I domain, and E120 is a key residue possibly coordinating with Mg 2ϩ or Mn 2ϩ for this interaction. Based on the crystal structure of amino acids 95-137 of NSP4, E120 and Q123 coordinate a divalent cation (48) . This core metal-binding site (E-X-X-Q) is 100% conserved in NSP4 from group A and human groups B and C RV (12-16, 49 ). The precise function of the E120 residue in the interaction of NSP4 with integrin I domain remains unknown.
Integrin signaling, measured by C2C12-␣2 cell spreading, was induced by a second domain on NSP4, amino acids 131-140 as summarized in Table 2 . Since this domain was not required for binding to the I domain, signaling appears to occur through interaction of NSP4 aa 131-140 with other domains of ␣2␤1, or another cell surface molecule. NSP4 constructs that induced integrin-mediated signaling correlated with diarrhea induction in mouse pups and mobilization of intracellular Ca 2ϩ (18, 31) . Inhibition of Ca 2ϩ mobilization by U-73122 blocks NSP4-induced enterotoxin activity (17) and also abolished NSP4-mediated cell spreading, indicating that integrin ␣2 may be involved in NSP4-induced diarrhea. Future studies in integrin KO mice rederived into a susceptible genetic background could provide direct evidence that interaction with the integrin ␣2 is the first step of the enterotoxin action.
Integrins trigger multiple signaling pathways that are involved in cell migration, proliferation, differentiation, and antiapoptotic functions (35, 50, 51) . RV infection of intestinal cells upregulates expression of integrin ␣2␤1 (52, 53) by a PI3K-dependent pathway (53) . NSP4-induced cell spreading via binding to integrin ␣2 was also abolished by the PI3K inhibitor wortmannin. This finding suggests that NSP4 activates at least two signaling pathways (PLC-and PI3K-mediated) through its interaction with integrin ␣2. Future studies are needed to elucidate the significance of NSP4 signaling through I domaincontaining integrins. NSP4 signaling through integrin ␣2␤1 may be a key mediator of RV infection and pathogenesis.
Integrins act as cell surface receptors for cell adhesion to extracellular matrix proteins and for several viral pathogens (21, 25, 47) . Several viruses, including echovirus I, human herpesvirus 8, and RV, interact with integrin ␣2␤1 (54-56). Echovirus 1 and some strains of RV bind to the I domain of integrin ␣2, but the binding is distinct from the MIDAS motif (57, 58) . NSP4 is the first enterotoxin to bind to an integrin and the binding mediated by the MIDAS motif, which also binds to the physiological ligand collagen. Compared with collagen binding to integrin, the attachment of NSP4 to the MIDAS motif requires a second binding to activate integrin ␣2␤1. This result indicates that NSP4 has a unique mechanism to bind and activate integrin ␣2␤1. Studies using the integrin ␣1␤1 and ␣2␤1-deficient mice show that these receptors can function in innate immunity, inflammation, and autoimmunity (59) (60) (61) (62) . The binding of NSP4 to integrin ␣1␤1 and ␣2␤1 could affect both induced humoral and cell-mediated immunity.
In the intestine, integrins have a polarized distribution and are localized on the basolateral cell surface of enterocytes (19, 63, 64) , indicating that NSP4 interaction with these integrins would occur at the basolateral surface of enterocytes. In RV-infected mice, NSP4 is detected at the basolateral surface of noninfected enterocytes lower on the villus than RV-infected cells (38) . This observation suggests that NSP4 is released from infected epithelial cells where it can bind to the extracellular matrix components laminin-␤3 and fibronectin. The immunolocalization studies reported here confirm that NSP4 localizes to the basolateral membrane of both RV-infected as well as adjacent uninfected polarized Caco-2 cells with integrin ␣2. Future studies are needed to determine the form of NSP4 released basolaterally from polarized cells because both full-length and truncated forms of NSP4 have been found in the media of RV-infected nonpolarized and polarized cells (10, 65) . Together, these data support the hypothesis that NSP4, released from infected cells, interacts with integrins on neighboring uninfected cells to cause diarrhea.
Materials and Methods
Cells and Cell Culture. Mouse myoblast C2C12 and C2C12-␣2 cells, stably expressing the human ␣2 integrin subunit, were kindly provided by Donald Gullberg (University of Bergen, Bergen, Norway) and maintained in DMEM with 10% FBS in the absence or presence of 10 g/ml puromycin, respectively. Methods for cell culture have been described previously (34) . HT29 cells were cultured in DMEM supplemented with 10% FBS. Caco2 cells were grown in MEM-based Caco2 medium with 10% FBS.
Expression and Purification of Recombinant Proteins and Peptides. ␣1 I and ␣2 I were expressed in Escherichia coli and purified as described previously (66, 67) . ␣1 I and ␣2 I were dialyzed against PBS or Hepes-buffered saline before use. SA11 NSP4 FL, OSU-v NSP4FL, OSU-a NSP4FL, OSU-v NSP4⌬131-140, and SA11 NSP4 112-175 were expressed and purified as published previously (10, 17, 31) . Synthetic peptides NSP4 pep114 -135, NSP4pep113-149, NSP4pep120 -147, and NSP4 pep150 -175 were prepared as described previously (32, 68) . (His)6-NSP4FL and (His)6-NSP4 E120A were generated by introducing the E120A gene into the NSP4 gene (SI Materials and Methods, Method 1).
ELISAs to Detect Interactions Between NSP4 FL and Integrin I Domains. Microtiter wells were coated with 1 g of ␣1 I and ␣2 I, or BSA in PBS containing 1 mM MgCl 2 or 1 mM EDTA, and then blocked with PBS containing 1% BSA (wt/vol) and 0.05% Tween 20. Varying concentrations of the NSP4 FL were added to the wells and incubated for 1 h at room temperature. Rabbit anti-NSP4pep120-147 antibody and goat anti-rabbit IgG AP-conjugate (Bio-Rad) were used to detect bound NSP4. Experiments were performed in triplicate. Data are presented as the mean value Ϯ SE of A 405 from a representative experiment. SPR Analysis of Interactions Between NSP4 and ␣2 I. SPR analysis was performed at 25°C in a BIAcore 3000 using an NTA sensor chip at a flow speed of 5 l/min. The binding of NSP4 to the integrin I domain was determined by passing various concentrations of NSP4 FL over a Ni 2ϩ -NTA sensor chip, which had been immobilized with (His) 6-␣1 I or (His)6-␣2 I (SI Materials and Methods, Method 2).
(His) 6-␣2 I-Bound NSP4 Complex Pull-Down Assays. (His)6-␣2 I (3 g) was incubated with increasing amounts of NSP4FL (1.5, 3, 6, and 9 g) in 100 l of PBS containing 1 mM MgCl 2 for 1 h at 4°C. Ni-NTA agarose (Qiagen) was added to the mixture and incubated for 30 min at 4°C. The Ni 2ϩ -NTA agarose was washed in PBS, and bound proteins were eluted by using 20 l of PBS containing 100 mM imidazole. The eluted samples were mixed with SDS/PAGE sample buffer without 2-ME and run on SDS/12% PAGE. ␣2 I-bound NSP4FL was detected by Western blotting using rabbit anti-NSP4120-147 antibody and goat anti-rabbit IgG HRP-conjugate (Bio-Rad). 
